We established an improved method for post-embedding cytochemistry by which highly specific cytochemical reactions on acellent all& ultrastructutes are possible. The method is a combination of post-fuation in potassium fertocyanide-redud os04 and embedment in acrylic-based LR White resin. It permits both immuno-and lectin-gold cytochemistry with fme ultrastructures comparable to those obtained by conventionally osmicated and arpoxy-embedded tissues. Fixation with reduced osmium appeared to contribute to the preservation of immunoreactivity and membranous structures. By this method, the immunocytochemid localization of secretory proteins (amylase and chymotryp-sinogen), actin filaments by polyclod antibodies, 105 KD Golgi-associated protein by a monoclonal antibody (GF-I), and binding sites for gold-labeled lectin could be demonstrated. Also possible was multiple staining with enzyme cyto&emistry of thiamine pyrophosphatase and immunocytochemistry of GF-1 and anti-amylase antibodies. This multiple staining made possible partial characterization of the ms-Golgi network in parotid acinar e&. ( J M k t d e m  Cyfdem 42:U85-1293, 1994) 
Introduction
The precise localization of functional molecules on fine cellular morphology must be understood to determine dynamic aspects of cells and organelles. For this purpose, cytochemical reactions at the electron microscopic (EM) level are essential. However, one practical difficulty in EM cytochemistry is retaining reactivity without compromising cellular ultrastructure. No general and standard method is presently available to detect definite cytochemical reactions with fine morphological backgrounds.
In pre-embedding methods for detecting cytochemical reactions (1-3), adequate penetration of the reaction medium usually requires permealization of a specimen and reaction products often damage cellular fine structure. In addition, reaction products may diffuse from original reactive sites, with consequent unsatisfactory localization on the level of fine subcellular structure. Pre-embedding techniques are therefore not suitable for precise detection of the localization of membranous or filamentous components, such as membrane-bound and cytoskeletal proteins.
Various techniques of post-embedding labeling have been de- d o p e d to Overcome problems inherent in pre-embedding methods (4.5). A major and common problem is preservation of reactivity during embedding. For this purpose, various embedding procedures are available, such as dehydration and embedding at low temperature (4,6,7), omission of post-fixation by 0~0 4 , and embedding in hydrophilic resins based on polar acrylates or methacrylates such as Lowicryl K4M (4-6,8-11). Sections of non-osmicated tissues embedded in Lowicryl K4M usually show well-defined colloidal gold labeling but ultrastructure is inferior to that obtained by comntional epoxy-embedded tissue, owing to poor membrane contrast. Staining techniques to obtain improved ultrastructure have been proposed (11) but the results obtained have not been satisfactory.
Cytochemistry with ultracryosections is a highly sensitive means for colloidal gold labeling with excellent preservation of morphology (12). However, considerable technical skill is required to cut ultra-thin sections and achieve high-quality staining. This may be one reason why ultracryosectioning has not come into wide use.
A standard simple method for detecting definite cytochemical reactions with excellent morphological background has been anticipated. In the present study, we devised a simple method for post-embedding cytochemistry and found that it adequately detected reactivity on an excellent ultrastructural background through the use of post-fixation in reduced osmium and embedment in LR White resin. This method and its application to various types of immunolabeling or lectin-binding assay, as well as enzymecytochemistry, are presented in detail.
Materials and Methods
Reagents. A monoclonal antibody (GF1) recognizing 105 KD glycoprotein localized on Golgi apparatus of serous exocrine cells was raised from fractions enriched in Golgi membranes of guinea pig pancreas (13) . Antiamylase rabbit serum and thiamine pyrophosphate chloride were purchased from Sigma (St Louis, MO). Anti-ascaris actin rabbit serum was kindly provided by Dr. K. Nakamura (Department of Parasitology, Kitasato University School of Medicine) and anti-chymotrypsinogen rabbit serum by Dr.
T Ono (Oita Health Center, Oita City). Goat anti-mouse IgM labeled by colloidal gold was purchased from Zymed (San Francisco, CA). Goat antirabbit IgG labeled with gold particles, wheat germ agglutinin (WGA), and Ricinus communzi agglutinin I (RCA-I) gold particles were from EY Laboratories (San Mateo, CA). A medium grade LR White resin kit was obtained from London Resin (Basingstoke, Hampshire, UK). All other chemicals were of analytical or EM grade.
Fbtion and Embedding Procedures. Adult male Wista-SPF rats weighing 200-250 g were anesthetized lightly with ethyl ether. Small pieces of tissue were removed from the parotid gland, intestine, and pancreas and fixed with a mixture of 0.5% glutaraldehyde and 4% paraformaldehyde containing 0.05% CaC12 in 0.1 M sodium cacodylate (pH 7.4) by microwave irradiation according to Ymashina et al. (14) . Briefly, tissue in icecold fixative was placed in a commercially obtained 500-W microwave oven (output 2.45 GHt; type NE-M345, MatsushitaElectric Industrial Co., Osaka, Japan) connected to a timer switch (Omron HSCN manufactured by Zteishi Electronics, Kyoto, Japan). To prevent rapid increase in the temperature of the fmtive, two beakers each containing 200 ml of distilled water were also placed in the oven. Three-sec irradiation was repeated 10 times with 5 sec intervals intervening. The temperature of the fixative increased to 37°C due to the irradiation. Each sample was then placed on ice with the same fixative for 1 hr. Tissue pieces were subsequently rinsed overnight in the same buffer containing 7% sucrose. Post-fmtion with 1% os04 containing 1.5 % potassium ferrocyanide (reduced osmium) (15) was conducted in a microwave oven as above and continued for 30 min on ice. The tissue specimens were dehydrated in a graded series of ethanol for 30 min each, infiltrated into one volume of LR White and one volume of 100% ethanol for 1 hr and pure LR White overnight at.4'C. followed by embedment in fresh LR White resin. They were then polymerized for 24 hr at 60'C.
The lectin-and immuno-labeled sections were counterstained with 5 % aqueous uranyl acetate for 5 min and Reynolds' lead citrate for 5 min. They were then examined in a JEM-1200EX electron microscope (JEOL; Tokyo, Japan) operated at 80 kV.
Quantitative Evaluation. Labeling density as determined by the present method was quantitatively evaluated and compared with that by conventional methods. For this comparison, parotid tissue embedded in epoxy resin, Quetol812 (Nissin EM; Tokyo, Japan), and Lowicryl K4M (Chemische Werke Lowi, Waldkraiburg, Germany) were selected from our specimen collection. Primary fmtion conditions of both tissues were the same as above.
Tissues in Quetol812 were post-fmed in conventional 1% os04 solution and those in Lowicryl K4M were embedded by a low-temperature procedure without post-fixation (4.6). For the Quetol 812 sections, the period of etching treatment in sodium metaperiodate was prolonged to 1 hr (4,17). Lowicryl K4M sections were not treated for etching. LR White sections were treated as above. Four grids, each obtained from three different blocks, were labeled in parallel for anti-amylase immunoreactivity. The number of gold particles was counted on micrographs at a final magnification of x 23,000. Particle counts per km2 of section area were made for secretory granules as specific labeling density and for nuclear matrix as background labeling. Area measurement was performed with an IBAS 2000 Image Analyzer (Carl Zeiss; Oberkochen, Germany). Mean labeling density ( * SD) for each tissue embedment was determined.
Results

Morphological Improvement
Tissues post-fixed by reduced osmium and embedded in LR White showed very well-preserved ultrastructure comparable with those obtained by conventional epoxy embedding. Intracellular and plasma membranes of various cell types were clearly recognizable, thus making it possible to clearly observe structures of the Golgi apparatus in detail ( Figure 3a ). Stacks of saccules, vesicles, and vacuoles could be easily identified. Electron density decreased with chromatin, cytosol, and secretory granular content, but membranes showed in moderate contrast. with a conseauentlv distinct trilami-Enzyme Cytochemistry of Thiamine F'yrophosphatase. For enzyme cvtochemical demonstration of thiamine DvroDhosDhatax (TPPase), rinsed nar appearance. tissue after fixation by 0.5% glutaraldehge and 4% paraformaldehyde was cut inio 40-pm sections by a microslicer (Dosaka EM; Kyoto, Japan) and incubated at 37'C for 30 min in medium containing 1 mg/ml thiamine pyrophosphate as the substrate and cerium chloride as the capture agent (16) . The sections were treated for post-fixation with reduced osmium and embedment in LR White as described above.
Post-embedding Cytochemical Reactions. Ultra-thin sections were mounted on 200-mesh nickel grids supported by formvar-carbon film. Incubation in all cases was conducted by floating grids section side down on drops of reaction or washing media. The sections were pre-treated for etching by a saturated aqueous solution of sodium metaperiodate for 30 sec, followed by five washes in distilled water. Nonspecific staining was blocked by treatment in 1% bovine serum albumin (BSA) in PBS for 30 min.
Immunogold reactions were carried out by an indirect method. The sections were treated for 3 hr by floating them on drops of antisera 100-fold diluted in 1% BSA-PBS or undiluted GF-1 hybridoma culture medium. After seven washes by floating on PBS. the grids were incubated for 1 hr on colloidal gold-conjugated secondary antibodies 50-fold diluted in 1% BSA-PBS and washed in four changes of PBS and three in distilled water. For lectin-gold cytochemistry, the grids were incubated in colloidal goldconjugated WGA or RCA-I SO-fold diluted in PBS for 3 hr, followed by four washes in PBS and three in distilled water.
Immunogold Labeiing by Poiycional Antibodies
The present results clearly demonstrated well-preserved fine ultrastructure. Therefore, immunohistochemical reactivity was assessed using various antisera raised against major cell proteins. Colloidal gold particles detecting amylase, chymotrypsinogen, and actin were distributed in appropriate regions of parotid acinar cells ( Figure  la Gold labeling for anti-amylase antiserum was detected on the contents of mature secretory granules and condensing vacuoles of parotid acinar cells. Some gold particles were situated Over the Golgi apparatus and rough endoplasmic reticulum. Nonspecific labeling could hardly be noted over cytosol, the nucleus, and mitochondria ( Figure la) . Results essentially the same as those for parotid acinar cells were obtained for pancreatic acinar cells (not shown). Another secretory protein, chymotrypsinogen, was detected over mature and immature secretory granules of pancreatic acinar cells ( Figure Ib) . Specific inmunogold reactivity for actin was evident on the cores of apical microvilli, terminal web filaments, and cyto- plasmic filaments in small intestinal absorptive cells (Figure 2) . No labeling could be detected over intermediate filaments attached to desmosomes. In longitudinal sections, some microfilaments were negative (Figure 2a ), but most showed positive reaction in crosssections ( Figure 2b ). 
Quantitation of Labeling Density
Immunoreactivity on Golgi Apparatus with a Monoclonal Antibody
The reactivity of a monoclonal antibody may be affected by conformational change in target molecules incurred at each step of the embedding procedure. Therefore we assessed the applicability of the present method to immunoreaction of a monoclonal antibody (GF-1) that recognizes the Golgi apparatus in serous exocrine cells. Figure 3a shows the distribution of GF-1 immunoreactivity in a parotid acinar cell post-fixed by reduced osmium and embedded in LR White. Characteristic elements of the Golgi apparatus, such as stacked saccules, vesicles, and vacuoles, were sufficiently preserved to permit morphological identification. Gold particles were distributed over the membranes of trans elements of the Golgi apparatus: one or two layers of trans saccules, the trans-most amorphous region which appeared to correspond to the trans-Golgi network, and condensing vacuoles. Virtually no labeling could be seen over mature secretory granules, cytosol, nucleus, or mitochondria.
Application of the present method to multiple staining by enzyme and immunocytochemistry using different antibodies was assessed. For this purpose, ultra-thin sections treated for enzyme cytochemistry of TPPase were subjected to immunoreaction. Figure 3b shows the TPPase cytochemistry and immunocytochemistry of GF-1 in the portion of Golgi apparatus of parotid acinar cells. One or two layers of trans saccules, showing very narrow and elongated profiles, were marked by deposits ofthe TPPase reaction. Gold particles due to the GF1 immunoreaction could be Seen on TPPasepositive flat trans saccules, the TPPase-negative trans-Golgi network situated between definitive stacks and condensing vacuoles, and the condensing vacuoles themselves. Triple staining with TPPase, GF-1, and anti-amylase ( Figure 3c ) provided additional information on functional aspects of the Golgi apparatus. The distribution of small gold particles (10-nm diameter) indicated that amylase was condensed in the TPPase-negative but GF-l-positive trans-Golgi area, and was sorted in secretory granules. The immunoreactivity ofGF1 detected by large gold particles (15-nm diameter) was not transported into secretory granules but continued to reside in the trans-Golgi network and condensing vacuoles. No specific reaction over lysosomes could be detected.
Lectin-Gold-binding Sites
kctin-gold cytochemistry was demonstrated on sections from tissue prepared by the present method. Specific binding of WGA (Figure 4a ) or RCA-I ( Figure 4b ) gold complexes was evident on parotid acinar cells. Many gold particles were present over secretory granules, and a few were seen over the Golgi apparatus and the rough endoplasmic reticulum. Nonspecific labeling could not be detected over the nucleus or mitochondria. The present findings are virtually the same as those obtained for tissues routinely embedded in Lowicryl K4M and indicate that the secretory granules of parotid acinar cells contain both Nand 0-linked glycoproteins.
Discussion
It is evident from the present study that post-fixation by reduced osmium and embedment in LR White resin indicates the existence of a good balance between well-preserved membrane ultrastructure and various specific cytochemical reactions. The present morphological observation and quantitative evaluation demonstrated that, compared with conventional osmicated and epoxy-embedded tissue, the method here usually shows greater labeling density and less nonspecific binding with similar morphological quality. It should be noted that even after post-fixation, labeling density by the present method is comparable with that by the non-osmicated and Lowicryl K4M embedding method but is superior in structural preservation of membranes. The excellent morphological preser- vation and highly specific immunoreactivity by our method make it preferable to other methods for examining cytochemical and dynamic aspects of membranous organelles.
Complicated membranous structures of the Golgi apparatus are difficult to preserve in antigenicity and morphology at the same time. In a preliminary study, no GF-1 immunoreactivity could be detected on conventional epoxy sections. In contrast, the Lowicryl K4M embedding procedure permits adequate retention of reactivity for GF-1, although the Golgi apparatus in K4M-embedded tissue shows images so vacuolized that membranous structures are difficult to identlfy. The identification of detailed sites of immunoreaction on Golgi apparatus for GF-1 antibody on epoxy or K4M sec-tions has therefore been quite limited thus far. By the present method, functional analysis of Golgi apparatus is now possible. The presence of the trans-Golgi network in parotid acinar cells and its functions could be partially clarified by multiple staining (Figures  3b and 3c) . The trans-Golgi or trans-tubule network may be an important site for the sorting of proteins destined for regulatory and constitutive pathways (17) . However, detailed investigation has thus far not progressed owing to indistinct identification of the trans-Golgi network (18) . The present method, in conjunction with GF-1. makes possible analysis of dynamic aspects of the trans-Golgi network in exocrine cells.
As described above, post-embedding methods for plastic sec- tions are associated with various problems. Osmicated and epoxyembedded tissue shows fine ultrastructure, but poor retention of reactivity greatly l i m i t s its application to various types ofcytochemistry. Our experience indicates that anti-actin, anti-chymotrypsinogen, and GFl immunoreactivities are not detectable on conventional epoxy sections even after etching by sodium metaperiodate. To overcome the difficulty, tissues embedded in acrylic-based and photopolymerizing resin such as Lowicryl K4M without post-fixation are widely used in immuno-and lectin cytochemistry (9) . This procedure usually provides adequate retention of reactivity but ultrastructural preservation is not always satisfactory. Post-fixation or en bloc staining by tannic acid, uranyl acetate, or osmic acid greatly enhances membrane contrast in acrylic resin sections (8, 19, 20) . However, tissue color change due to heavy metals or tannic acid hinders the polymerization of Lowicryl K4M or LR Gold by ultraviolet absorption. Therefore, high-quality ultra-thin sections are difficult to obtain. Nanci et al. (21) overcame the intrinsic difficulty of Lowicryl embedment by using a very small piece of tissue block and low concentration of osmium (i.e., reduced osmium). This method is effective for obtaining very fine ultrastructure but the tissue must be cut into very thin slices by a tissue chopper and a long period of re-exposure to w light is necessary when initial polymerization is incomplete. It would be an intricate method to apply for daily investigation and diagnostic purposes.
In this study, a thermal polymerizing resin, LR White (4,22)
was applied, since its polymerization is not hindered by tissue coloration and consequently osmic acid can be used. However, we have found that tissues post-fixed by conventional 1% Os04 solution and embedded in LR White show poor reactivity for the G H antibody and polymerization of the resin is occasionally inhibited, possibly owing to the chemical effects of osmic acid. Post-fixation by reduced osmium shows satisfactory results for polymerization of the resin, preservation of ultrastructure, and retention ofcytochemical reactivity. Nanci et al. (23) have used the same combination of reduced osmium post-fixation and LR White resin as in the present study to obtain backscattered electron images from semi-thin sections by scanning electron microscopy. No cytochemical reaction has been reported on ultra-thin sections obtained by this procedure. The mechanism of fixation by Os04 is not fully understood. Its powerful oxidizing effect may be responsible for the fixation of biological macromolecules (24). We speculate that the effects of osmic acid on decreasing cytochemical reactivity are minimized by reduction with potassium ferrocyanide. Therefore, reactivity with moderately adequate fine cellular structure is retained. Post-fmtion by reduced osmium has been widely applied to obtain clearly contrasting membranous structures (25,26) for morphological observation by a transmission electron microscopy. The present study suggests that a combination of reduced osmium and LR White contributes not only to improvement of membrane contrast or backscattered electron images but also to retention of reactivity for various cytochemical stainings.
h-temperature embedding in acrylic-based resins is conducted to prevent the dissolution of membrane phospholipids and target molecules during dehydration and to avoid conformational change in molecules caused by polymerizing heat (6.7). LR White is a thermal polymerizing resin and therefore low-temperature embedding was not conducted in this study. However, satisfactory results were obtained by this method in the preservation of membrane structures and cytochemical reactivity. Reduced osmium may fix membrane phospholipids and target molecules, thus preventing them from dissolving out. Polymerizing by heat may not pose serious consequences, since the photo-or chemical polymerization process should produce a certain amount of heat.
In this study, microwave irradiation was applied to pre-and postfiition processes. Although microwave irradiation has recently become widely used and its positive effect in cytochemistry has been confirmed (14, 27) , the mechanisms of tissue fixation and reactivity preservation by irradiation have yet to be clarified. One possibility is that rapid penetration of mild fixative by microwave irradiation may preserve substances at their original locations that would otherwise diffuse out (14) . Therefore, microwave irradiation contributes to the achievement of fine morphology and better localization for cytochemistry.
Bendayan and Zollinger (28) found that several strong oxidizing agents recovered protein antigenicity on thin sections of osmicated, epoxy-embedded tissues. We also found that treatment for a very short period, up to 30 sec, in sodium metaperiodate was effective in obtaining high labeling sensitivity without increasing background labeling. This was due to the sufficient etching of LR White resin and bleaching of excess osmium. It is therefore evident that exposure of reactive sites to antibody also increases reactivity ( Figure 2 ). Some actin filaments hidden behind the resin in longitudinal sections have no access to anti-actin antiserum even after etching (Figure 2a ), but the cut surface of cross-sections may make evident greater labeling density (compare Figures 2a and 2b) .
During this study, we attempted to demonstrate anti-laminin or anti-Type IV collagen immunoreactivity, but no satisfactory result was obtained. Although the present method is not applicable to all cytochemical reactions, it should prove quite useful in a broad range of cytochemical studies, assuming the proper choice of cytochemical probes.
